Abstract -A model is proposed in this paper to describe the generation of acid mine drainage (AMD) in leaching columns. The model considers: (i) Water flow through the column, which is calculated using the 1-D analytic solution of the Richards' equation assuming the existence of a similarity relationship between the water retention function and the water content profiles at a given time; and (ii) Pyrite oxidation weighted by microbiological effects occurring in spherical particles according to the shrinking core model. Mass balances of oxygen and pyrite were derived in order to evaluate the intrinsic oxidation rate and the pyrite fraction reacted with time and column position. The model was used to simulate a six month operation of a leaching column, which comprised successive weekly cycles of dry and wet periods. Simulation results demonstrated that AMD generation is strongly affected by the presence of microorganisms. A relative deviation of 5% between simulation and experimental data was obtained.
INTRODUCTION
Acid mine drainage (AMD) is one of the most important environmental problems facing the mining industry. Drainage waters are generated by chemical and microbiological reactions that occur simultaneously when sulphide minerals like pyrite (FeS 2 ) are exposed to oxygen and water. Such exposure produces acid that may dissolve relatively insoluble chemical species into free ionic species, or even secondary minerals like sulphates, carbonates and hydroxides. Consequently, water can dissolve and transport these more soluble chemical species (for example, Cu, Zn, U, As, Pb, and many other metals) in quantities that may exceed water quality standards. Therefore, successful, cost-effective, proactive design and operation of mitigation measures for sulphidic geologic materials depend on an accurate prediction of future drainage chemistry and contaminant loadings.
A number of models to predict AMD have been proposed in the literature (Ericksson and Destouni, 1997; Bain et al., 2000; Schneider et al., 2002; Mayer et al., 2002; Nicholson et al., 2003) . Water quality modelling using empirical, geochemical and complex models can assist with the interpretation of test work and monitoring results, and may improve the prediction of drainage chemistry and loadings (Martin et al., 2005) . In fact, the prediction of AMD at mine sites is quite difficult due to its technical complexity and inherent uncertainties such as weather, soil characteristics, mineralogy, heap disposition, etc. Factors that complicate water quality prediction vary in scale from small to large, so the use of a phased approach to data collection and interpretation is still necessary.
A review made by Norecol Dames & Moore Ltd. concluded that empirical models may not be statistically valid for mine sites with less than a few hundred data points (Mend Report, 2009 ). On the other hand, complex models normally require more intensive site specific studies and data with sufficient accuracy, which is not always available. In this context, the aim of this paper is to present a conceptually simple approach to simulate AMD in columns in order to gain insight into how drainage is affected by parameters such as microbiological effects, diffusion of oxygen, average particle radius and pyrite content.
THEORY
Two main aspects were considered in this approach: (1) Water infiltration patterns inside a cylindrical column, and (2) Chemical processes related to pyrite oxidation, including oxygen diffusion through spherical particles weighted by microbiological interaction. The first part of the model is the hydraulic description of water flow through the column, which was given by solving the Richards' equation without gravity, so the solution might be valid for short columns only. The second part of the model is the kinetic-diffusive description of pyrite oxidation, incorporating oxygen diffusion according to the shrinking core model (Levenspiel, 1972) including the microbiological effect on the generation of AMD. No significant neutralizing or competing metal reactions were assumed to occur. The model was used to simulate the intrinsic oxidation rate (IOR) and the pyrite reacted fraction with time.
Hydraulic Description
The hydraulic description of water flow through the column is given by the Richards' equation, which can be written as:
The existence of a similarity relationship between the water retention function (h) θ and the water content profiles (z) θ , taken at fixed times as proposed by Prevedello et al. (2009) , was assumed in this study. Due to this assumption, the hydraulic model is valid only for porous media with narrow size distribution (such soils show an abrupt humidity increase during water percolation). Under this hypothesis, the water content profile can be visualized as the water retention curve mirror image, so:
and the equation of Richards can be simplified to:
subject to the following initial and boundary conditions:
Changing variables in Eq. (3) and remembering that z f ( , t) = θ and
Richards can be written as:
Integrating Eq. (5) from t = 0 to t = t and between i θ = θ and 0 θ = θ :
Therefore, Eq. (6), proposed by Prevedello et al. (2009) , was used to describe the transient downward water infiltration inside the column. It must be highlighted that Eq. (6) is valid solely for the unsaturated zone; an analytical solution for the Richards' equation without gravity including the saturated zone was given recently by Barry et al. (2010) . The dependence of h with θ was obtained using the empirical relationship given by van Genutchen (1980):
Kinetic-Diffusive Description AMD generation due to pyrite oxidation depends on simultaneous events occurring in the three phase system during mineral oxidation (Elberling et al., 1994; Edwards et al., 2000) .
With regard to the gaseous phase, it was assumed that oxygen transport within the column is governed by diffusive flow through the porous media, given by: 
where 0 S represents the consumption of oxygen due to the oxidation reaction, given by:
and the average shrinking radius r c is evaluated according to the shrinking core model (Levenspiel, 1972) :
Both effects are weighted by the microbiological factor f m , which accounts for the effect of microorganisms on the AMD generation. In this study, f m is an adjustable parameter that was obtained by data fitting. In Eq. (8), the air volumetric equivalent content eq θ is given by:
The model was solved according to the following initial and boundary conditions:
The numerical solution was obtained by using the method of finite differences. The column was divided into n discrete stages and the equations were solved using the LU method.
Regarding the solid phase, a pyrite mass balance for each stage i was done to quantify the oxidized pyrite mass along the column during time interval t Δ as:
and the total mass oxidized in the column at each time is given by:
Finally, the liquid phase was modelled by assuming that pyrite oxidation occurs according to the following global reaction: Guevara et al. (2008) evaluated the generation of drainage in columns using two coal mine wastes, named "São Roque" and "Volta Redonda". The mines are located in Santa Catarina state, Brazil. The chemical composition of the two wastes is shown in Table 1 . The column used in the experiments was made of acrylic (50 cm height and 10 cm diameter). The air inlet was located in the bottom of the column. The columns were loaded with 3.4 kg of dried waste (100% below a 25.4 mm screen). At the start of the run (t = 0), both samples were moistened with distilled water three times using a peristaltic pump (the water inlet was located at the top of the column).
EXPERIMENTAL
Column operation comprised sequential dry and saturation cycles during 6 months. In the dry cycle, moist air was fed to the column during 6 days; then, on the seventh day, the column was saturated with distilled water for 24 hours (saturation cycle). After each saturation cycle, water was fully drained from the bottom of the column and a sample of aqueous solution was collected for chemical analysis by atomic absorption to determine the content of Al, Mn, Pb and Zn. Other parameters such as pH, Eh and conductivity were also measured.
RESULTS AND DISCUSSION

Hydraulic Behaviour
One important task to evaluate the humidity in mining wastes is to estimate the hydraulic properties related to the water retention curve in the mineral matrix. As an approach, sand is commonly used to describe the hydrodynamic processes related to AMD (Molson et al., 2008) . Table 2 shows the hydraulic properties used in this study to simulate the water flow through the column. Figures 1(a) and 1(b) exhibit the simulations for the velocity of water and humidity along the column length with time during water percolation, respectively. It can be seen that the velocity of water decreases to a minimum value near 0.002 m min -1 in the condition of saturation. This occurs due to the decrease in the hydraulic gradient during the percolation process. In addition, the humidity profile reveals that approximately 0.32 m of the column (64%) is saturated after 50 min of infiltration, so the column is fully saturated after 100 min under the given conditions.
Kinetic-Diffusive Behaviour
Drainage quality for the coal mine wastes from the São Roque and Volta Redonda mines (Santa Catarina state, Brazil) were simulated in this study using column leaching tests. The main parameters adopted in the simulations are shown in Table 3 and theoretical results were confronted with experimental column data obtained by Guevara et al. (2008) . Firstly, the model was calibrated using the parameter f m by fitting the experimental pH at the exit of the column. Figure 2 (a) exhibits the simulation results for the pH at the exit of the column for changing values of f m for the waste of the São Roque coal mine. According to the model, an increase in the microbiological factor f m resulted in lower pH values, thus indicating that microorganisms significantly affect the increase in AMD generation. As shown in Figure 2(a) for the waste of São Roque, f m ≈ 3x10 7 (the relative deviation error between experimental and simulated pH values was around 5%). The high value of f m corroborates previous studies which verified that the presence of microorganisms might increase the reaction rate by many orders of magnitude (10 5 up to 10 8 times) compared to purely chemical oxidation rates (Baker and Wilshire, 1970; McBride, 1994) .
Consequently, an increase in f m will be reflected in a higher concentration of sulphate in the aqueous drainage as verified in Figure 2 Because the model reproduced the experimental behaviour satisfactorily for the column operation, it was then used to analyse the influence of parameters such as oxygen diffusion coefficient (D e ), pyrite content (f s ) and average particle radius (R) on the AMD generation, on the intrinsic oxidation rate (IOR) and on the pH of the aqueous solution with time. Theoretical trends are shown respectively in Figures 4, 5 and 6. As verified in Figure 4 , the oxygen diffusive coefficient affects negatively the oxidation rate of pyrite; consequently, higher pH values are obtained. As expected, the opposite behaviour is verified if the content of pyrite is doubled (see Figure 5) . Finally, as shown in Figure 6 , the lower the granulometry of the waste, the higher is the generation of AMD, so a higher negative impact is expected because a more acidic effluent is obtained. 
CONCLUSIONS
The model proposed in this paper was found to reproduce the experimental behaviour from leaching column tests using two different wastes from coal mines located in Santa Catarina state, in Brazil. Based on the simulations confronted with experimental data, the following main conclusions can be drawn for the conditions investigated:
The column reaches saturation within 100 minutes and the velocity of water infiltration ranges from 0.002 to 0.005 m min -1 ; The model satisfactorily predicted the pH of the aqueous phase within 5% deviation;
The quality of the prediction depends strongly on the microbiological factor (f m ), so reaction rate equations to describe the pyrite oxidation incorporating microorganism effects are urged to be developed in order to improve AMD prediction.
